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Abstract

One of the most profound influences targets have upon the neurons that innervate
them is the regulation of the level of neuronal cell death that occurs during development.
One way in which targets could regulate neuronal survival is through the limited availability
of specific trophic factors produced by the targets that the neurons require for survival.
The avian ciliary ganglion is one of the best systems to study such neuron-target
interactions because of its relative simplicity. Like many neuronal populations, neurons of
the ciliary ganglion undergo a period of cell death, whereby approximately half of the
original number of neurons present at embryonic day 8 die off by the end of the cell death
phase at day 14. The best candidate for a ciliary ganglion target-derived trophic factor is
chick ciliary neurotrophic factor (CNTF), also known as growth promoting activity (GPA).
Chick CNTF is a potent neurotrophic factor for ciliary ganglion neurons in vitro. The
studies outlined here extend the characterization of chick CNTF as a target-derived
neurotrophic factor and test the hypothesis that chick CNTF regulates CG neuronal survival
in vivo.

Several steps were taken to test this hypothesis. First, a recombinant form of
chCNTF was prepared using two different expression systems and a total of three
purification protocols and the purified product characterized on CG neurons in culture.
Recombinant chCNTF typically has an ED; of 10-30 pg/ml, and while cultured E8 CG
neurons are completely dependent on this factor for survival, E14 and E16 neurons seem
largely independent for the need of chicken CNTF or any other trophic factor.

Second, polyclonal and monoclonal antibodies were prepared against recombinant
chick CNTF and used to determine if target cells express chick CNTF and if so at what
time points in development. Chick CNTF-like immunoreactivity was present in both
targets of CG neurons: choroid smooth muscle cells and striated muscle of the ciliary body.
In the choroid layer specific immunoreactivity could first be detected by E10 in the choroid

layer and increased substantially by the end of the cell death phase. Immunodepletion

Xii



experiments with fractionated eye extracts showed that chick CNTF comprises about half
of the total trophic activity present in the eye. The level of activity was approximately the
same at the beginning and middle of the cell death phase, but increased more than 10-fold
by E18.

Third, several different approaches were tried to either elevate or reduce
endogenous CNTF levels and then determine the effect it had on CG survival. Expression
of chick CNTF through a replication competent retroviral delivery system increased
endogenous levels 2.8-fold and a 48% increase in the number of neurons present at E14
was seen. Injection of the recombinant factor, on the other hand, did not significantly
enhance neuronal survival. However it could rescue neurons very successfully under
lesion conditions. To reduce chCNTF levels, an antisense strategy was used to reduce
endogenous chicken CNTF 50-60%. This level of reduction was apparently not sufficient
to significantly reduce CG survival in vivo. Taken together, these results support the
hypothesis that chick CNTF is indeed a target-supplied trophic factor present in limiting

amounts that regulates CG neuronal survival.
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' A Introduction and Background
1.1. Neuronal cell death in the vertebrate nervous system and the
involvement of neurotrophic factors -The neurotrophic hypothesis.

Programmed cell death is a common mechanism used to sculpt, fine tune, and
selectively delete subpopulations of cells in biological systems. In the central and
peripheral nervous system it is used to match the size of neuronal populations with the
target tissues they innervate. The term programmed cell death refers to the fact that RNA
and protein synthesis are required to induce cell death!. Milligan, 1994 #4173, Oppenheim, 1990
#4055, 2,3, Thus, such cells are activating a suicide cascade to eliminate themselves. While
the level of cell death and timing differs for each population of neurons, typically 50% of
the original population is eliminated®. The reason for this process is thought to be to match
the correct number of neurons with the target cells that are innervated. In invertebrates,
such as C. elegans, this process is determined genetically, with the level of cell death being
programmed such that the same cells always dieS. In vertebrates, developmental neuronal
cell death occurs by an apoptotic mechanism, but a more complex scheme is used to
determine which cells live and die.

In vertebrates, where a target tissue is controlled by a large population of neurons
rather than a single neuron or a small set of neurons, excess neurons are removed by a
target-dependent process. Shortly after neurons have sent processes out to their target
fields and have formed immature, but functional synapses on target cells, the neurons
become dependent upon their targets for survival6-.  Addition of extra targets before cell
death has begun results in enhanced cell survivall® 11 while ablation of some or all of the
target tissues results in increased cell death!2-14, The size of the target field, therefore,
regulates the number of neurons that survive. If one makes more target available to one
subpopulation of neurons by eliminating a second subpopulation that innervates the same
target through axotomy, then additional neurons will survive in the case of the first

population8. Conversely, if one forces two populations of neurons to innervate the same



target, for example, fewer neurons will survive than if each population had its own separate
target field to innervatelS.

The target-dependent process is postulated to be a competition by the neurons for a
limiting target-derived molecule. The limitation of the factor would be such that insufficient
quantities of the factor are synthesized and made available to the neurons to support all of
their survival (see Fig. 1). Those neurons that receive an insufficient amount of the target-
supplied signal undergo apoptosis. Note that sensitivity to the factor might not be a linear
relationship, i.e. a doubling in the level of factor may not result in a doubling of the amount
of neuronal survival. In its simplest form, the neurotrophic hypothesis predicts that a given
cell type will begin to synthesize, process (if necessary), and secrete a particular
neurotrophic factor some time before or just after first being innervated. An important
consideration is that competition for a target-derived factor is not a race to send processes
out to the target in order to sequester a limited molecule, for nearly every cell has made
functional synapses at the targets before cell death has begun®. Once released from target
cells, such neurotrophic factors will bind to high affinity receptors present at the nerve
terminals and will lead to intracellular signaling and retrograde transport of the factor back
to the cell soma, in a process that ultimately (though still largely undefined) overrides
programmed cell death.

While much has been learned descriptively about cell death and some of the factors
that may be involved in regulating how many neurons survive, little is known about how
neurotrophic factors accomplish this process. How are their levels regulated so precisely
that just the right amount of neurons survive? What intracellular signals are
invoked/overridden to promote neuronal survival? Much of the work in this area in the past
40 years has centered on identifying and studying individual neurotrophic factors produced

by target tissues.
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Figure 1. Classic model of the neurotrophic hypothesis as it was first described.
Shortly after neurons innervate their targets, they become dependent upon the targets for
survival. If the targets are removed at a time before cell death begins, most of the neu-
rons die off. If additional target tissue is grafted on, more neurons are promoted to sur-
vive. The neurotrophic hypothesis states that a specific trophic factor made by the target
in limiting quantities is what regulates cell death. Under this model, neurons compete for
the factor, and those that successfully obtain a sufficient quantity of factor survive and
continue to develop, whereas those that do not die by apoptosis.



1.2. NGF as the prototypical example of a target-derived neurotrophic
factor.

Of the more than a dozen proteins identified thus far with neurotrophic activity,
only a few can be classified as true target-derived neurotrophic factors. Rigid criteria have
been established for the classification of molecules as true target-derived neurotrophic
factors: first, such molecules must act in vitro to support long term neuronal survival on a
defined neuronal population; second, the factor must be expressed at very low levels by the
target cells the neurons innervate during the period when cell death is occurring; third, high
affinity receptors for the factor must be expressed by the neuronal population in vivo at this
same time window of development; fourth, the factor must be secreted by the target cells;
and fifth, elevating endogenous levels of the factor must be able to rescue additional
neurons from cell death in vivo, and reduction of endogenous levels must reduce neuronal
survival.

The identification and characterization of NGF as a target-derived molecule for
sympathetic and dorsal root ganglia neurons in chick embryos was not a straightforward
procedure. What began as a convenient substitute for limb grafts16 led to a remarkable
finding that a mouse tumor could promote dramatic neurite outgrowth and innervation of
the tumor along with pronounced elevation in the number of neurons in dorsal root and
especially sympathetic ganglial?. A similar effect in increased neuronal survival could be
seen even if the sarcoma was grown on top of the chorioallantoic membrane. Therefore,
whatever the sarcoma was producing was a secreted factor that could exert its effects at a
distance in the absence of innervation. In an effort to characterize the class of molecules
that might account for this effect, snake venom was used for its high phosphodiesterase
activity. Surprisingly, snake venom also had NGF-like activity, as did extracts from the
mouse submaxillary salivary gland- the mouse equivalent of a snake venom gland!8: 19.
Fortunately, and for reasons still unknown, the male mouse salivary gland contains high

levels of NGF and allowed purification of the molecule using an in vitro neurite outgrowth



assay to follow in the purification!®. In 1969, NGF was purified and its sequence deduced
20 and it represented the first purified protein with neurotrophic activity.

The current evidence for NGF supporting sympathetic neurons in this capacity is
very strong: NGF is a potent neurotrophic factor for sympathetic neurons in vitro2!. 22,
NGF is expressed in the targets of sympathetic neurons and its levels correlate with
innervation of sympathetic fibers23. 24; addition of exogenous NGF or a tumor-secreting
NGF enhances sympathetic survival25; overexpression of NGF in skin results in an
increased number of sympathetic neurons26; systemic administration of anti-NGF blocking
antibodies reduces sympathetic neuronal?’; mice with a null mutation in the high affinity
NGF receptor, TrkA (which localizes to sympathetic neurons28), also show a large
reduction in the number of sympathetic neurons29. 30,

This raises a key question- if NGF is such a good example of a target-derived
neurotrophic factor that regulates cell death in sympathetic neurons, why study other
trophic factors? For one reason, at the time NGF was first discovered and characterized, it
was not known if this was simply the first example of what may be many neurotrophic
factors in existence that regulate cell death throughout the nervous system, or a unique
factor that plays a special role only for sympathetic neurons. Furthermore, NGF clearly
does not support all neuronal populations, including some of those of the greatest interest
in the study of neurodegenerative diseases. The idea that not all factors may work the same
or that all neuronal populations that are dependent upon NGF will respond in the same
fashion, is another reason for examining trophic factors aside from NGF and for looking at
populations other than sympathetic neurons. Finally, the ultimate goal is not to simply
identify target-derived molecules, but to discern how they regulate neuronal cell death.
NGF was the first factor discovered, and one that clearly plays a role in at least one
population of neurons, but that does not necessarily make it the best factor for elucidating
trophic factor regulation, availability, neuronal competition, how neurons know which

factor to respond to, and how cell death is prevented on a molecular level.



These examples reveal the inherent problem of studying neurotrophic factors in
vivo- the complexity of neurotrophic dependency. To be more accurate, neurotrophic
factor research is as much a study of neuron-target interactions as it is the study of specific
biological agents and how they promote survival. The neurotrophic theory is typically
represented as a static model, whereby a differentiated neuronal population becomes
dependent upon a trophic factor provided by a mature target. The situation is much more
complex in reality. In some neuronal populations, cell birth and cell death are occurring
simultaneously, the axons that project to the target continue to branch, the synapses become
more specialized, and the target itself is usually growing and becoming more differentiated.
Trophic factor levels often change during this time as does receptor expression and multiple
factors may be involved. How trophic factor availability is regulated during this time

period of development such that just the right amount of neurons survive is still unclear.

1.3. The ciliary ganglion as a model for studying neurotrophic dependency
and neuron-target interactions. One system that lends itself well to the study of
neuronal survival and specific neuron-target interactions is the avian ciliary ganglion (CG).
The CG is a parasympathetic autonomic ganglion responsible for both lens accommodation
and pupillary light reflex3l. In birds, it helps regulate blood flow-through the eye in
choroid arteries32. A large amount of information exists on the physiology, histology at
both the light and electron microscopy level, and neurochemistry of these two populations.
Although the rodent CG consists of only a few hundred neurons that are dispersed along
the optic nerve, avian, rabbit, monkey, and human CG are more numerously populated and
well defined33-36, The ciliary ganglion undergoes a period of cell death beginning at about
E8 and is largely complete by E14, at which time roughly half of the neurons have died off.
The ciliary ganglion has several distinct features which are advantageous for studying
neuron-target interactions. First, the ciliary ganglion can be readily isolated from E6

through adult chick embryos, and by E8 the neurons become completely dependent upon



trophic support in vitro. ~Second, the CG contains only two populations of neurons,
choroid neurons and ciliary neurons (Fig. 2). Third, each population exclusively
innervates distinct targets in the eye. CG choroid neurons innervate smooth muscle cells
surrounding arteries within the choroid layer of the eye while the larger CG ciliary neurons
innervate the constrictor muscle in the iris and muscle fibers in the ciliary body. Fourth,
nearly 100% of the neurons can be maintained in vitro by either a crude eye extract or
purified trophic factors. Fifth, the CG represents a relatively synchronized population,
with the ganglion being numerically complete by E6, 2 days before cell death begins (Fig.
3). The easy isolation of such a defined population that is synchronized led a number of
groups to use this as a system for screening tissues for neurotrophic activity, and other

groups to search for a true chick ciliary ganglion neurotrophic factor.

1.4. The search for CNTF. The identification and isolation of a neurotrophic factor
that supported the survival of parasympathetic neurons from the ciliary ganglion (CG) was
actively pursued as part of an effort to identify new neurotrophic factors for the following
reasons: it had been well established by Landmesser and Pilar 37 38 that CG neurons
proceeded through a period of target-dependent cell death, and CG neuron survival in vitro
was insensitive to nerve growth factor (NGF) 39, but dependent upon another,
immunologically distinct trophic molecule that was likely to be a novel neurotrophic factor.
At the time of this discovery, NGF was the only known neurotrophic factor and the idea
that CG motor neurons could be used to screen for possible spinal cord motor neuron
trophic factors led to considerable enthusiasm in the field. Neurotrophic activity for CG
neurons in vitro was first identified in heart-conditioned medium39-42, and then in
embryonic tissue extracts#245 (see Fig. 4). Some of this activity was characterized as
polyornithine binding neurite promoting factor (PNPF), which later was found to be
laminin®. In 1979 , the chicken eye was identified as the richest source of neurotrophic

activity and the highest specific activity was found in a dissected preparation containing the
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Figure 2. Targets of the ciliary ganglion. The ciliary ganglion contains only two pop-
ulations of neurons: ciliary neurons that exclusively innervate striated muscle cells of the
ciliary body and sphincter muscle cells of the iris and choroid neurons that innervate
smooth muscle cells surrounding choroid arteries. The ganglion contains roughly equal
populations of both neuronal types, and these neurons become target-dependent at the
same time.
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choroid, iris, and retinal pigmented epithelium (CIPE)47. CIPE contains all the target
tissues innervated by CG neurons (vasculature of the choroid and muscles of the iris and
ciliary body). The trophic activity was purified 400-fold from the CIPE and named ‘ciliary
neuronotrophic factor' (CNTF)48. In parallel with these studies, soluble extracts from
embryonic day 17 chick eyes were fractionated over a gel filtration column and found to
contain a 20-25kDa activity which supported growth in size of CG neurons#S. The
fractions containing this trophic activity were pooled and named "growth promoting
activity" (GPA).

Shortly after the purification of CNTF from chick eyes, Varon and colleagues also
reported the isolation of CNTF from rat sciatic nerveS0, Disappointingly, no amino acid
sequence information could be obtained from either the chick or rat CNTFs reported above.
CNTF was purified to homogeneity from rat5!, rabbit32, and chicken sciatic nerves3. The
CNTF purified from chicken was called GPA because of the bioassay used to characterize
its activity?. Partial amino acid sequence of all three neurotrophic factors was obtained
from peptide fragments because the N-terminal was blocked. A full length cDNA for rabbit
CNTF was cloned from sciatic nerve32,while rat CNTF was cloned from astrocytesS!.
Despite numerous attempts, chicken CNTF could not be cloned by homology to rat and
rabbit CNTFs; rather, the sequence was determined only after GPA was cloned from an
embryonic day 15 chicken eye cDNA library using oligonucleotides based upon the partial
amino acid sequence of purified GPAS4. Mouse5S and human CNTF36 have also been

cloned and their genomic structures identified 57- 58,

1.5. Goals of this thesis.

At the time this project began, NGF was the only trophic factor that had been tested
and shown to meet all of the criteria specified by the neurotrophic theory. Since a multitude
of factors have been identified, most of which have not been fully tested as target-derived

trophic factors, BDNF and NT-3% 60 are two trophic factors in the same family as NGF
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that have recently been shown to meet the criteria for target-derived molecules for specific
neuronal populations. BDNF and NT-3 shown to support a variety of neruonal
populations in vitro 61-64 and mice transgenic for null mutations in these genes show severe
neuronal deficits as do null mutations of their high affinity receptors3% 60, Most recently,
mounting evidence suggests that a distant member of the TGF-B family, glial-derived
growth factor (GDNF), is a trophic factor for enteric neurons®5-67. Recent studies have
also ruled out the role of certain factors in regulating populations of neurons previously
shown to meet many of the criteria of a target-derived molecule, most notably, FGF-568 in
the case of spinal cord motor neurons, and GDNF as a factor that regulates survival of
dopaminergic neurons of the substantia nigra 65. 66,

This project was designed to test the hypothesis that chick CNTF is a target-derived
trophic factor that regulates neuronal cell death in the ciliary ganglion. To establish
chCNTF as a target-derived trophic factor will require satisfying all the criteria of the
neurotrophic hypothesis as has been shown for NGF. It is important to clarify at this point
that mammalian CNTF was already ruled out as such a factor in general®. This is because
mammalian CNTF lacks any identifiable signal sequenceS!: 52; it is expressed at highest
levels in sciatic and optic nerve?® 71, which of course are not targets at all; high the levels
found in these tissues is inconsistent with it being limiting72; and it is not expressed during
development’! (however, see Ip et. al., 1995)73 when the majority of cell death is
occurring.

The project itself was divided up into three phases, each designed to test different
criteria for chCNTF being a target-derived trophic factor. In the first phase a recombinant
form of chCNTF was prepared and used to establish that the molecule purified from sciatic
nerve and embryonic eye is indeed responsible for the neurotrophic activity. The factor
was compared to rat CNTF on CG cultures and used to determine some of the trophic
requirements CG neurons have in vitro. The factor was also used to prepare polyclonal

and monoclonal antibodies for use in later stages of the project, such as demonstrating

12



secretion of chCNTF from cultured choroid smooth muscle cells. In the second phase, the
timing and distribution of CchCNTF in CG targets was evaluated. Using
immunocytochemisty the presence of chCNTF in choroid smooth muscle cells and striated
ciliary muscle was examined. Using a combination of quantitative bioassays and
immunocytochemical techniques, the levels of chCNTF in the eye was also evaluated, not
only from the standpoint of relative levels of expression during development, but also to
determine the relative levels of chCNTF with respect to the total amount of CG trophic
activity present in the eye. In the third phase I set out to experimentally manipulate
endogenous chCNTF levels using a variety of techniques. Strategies were designed to
either elevate levels in vivo above the endogenous level, or to reduce the levels through a

partial block.
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Results

Chapter 1

Expression of a chicken ciliary neurotrophic factor
in
targets of ciliary ganglion neurons during
and after the cell death phase

Thomas P. Finn

and Rae Nishi

Department of Cell and Developmental Biology
Oregon Health Sciences University
3181 SW Sam Jackson Park Road
Portland, Oregon 97201

note: the original manuscript refers to GPA, whose name has been updated to chCNTF and

was hereby substituted throughout the original manuscript.
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Abstract

Ciliary ganglion (CG) neurons, like other neuronal populations, become dependent
upon their targets for survival during development. We have previously purified and
cloned growth promoting activity (GPA), a secreted ciliary neurotrophic factor. We
report here the expression and purification of a highly active form of recombinant GPA,
the preparation of GPA-specific polyclonal and monoclonal antibodies, and the use of
these antibodies to investigate the cellular location and timing of GPA expression in tis-
sues innervated by CG neurons. Virtually all of the trophic activity in extracts of
embryonic eyes could be depleted by GPA-specific antibodies. GPA-like
immunoreactivity was found in both targets of the CG, the arterial vasculature of the
choroid layer and the ciliary body of the eye. In the choroid layer, GPA was localized to
smooth muscle cells surrounding the choroid arteries. Staining in the choroid layer was
first detectable at E10, or about 2 days after cell death has begun in the ganglion, then
increases in intensity through E19. Quantification of trophic activity from whole eye
extracts at various ages showed a small increase in activity observed between E9 and 212,
and at least a 10-fold increase between E12 and E18. The presence of GPA protein in
targets cells of CG neurons during the specific time of development when these neurons
have become dependent upon targets for neuronal survival supports the hypothesis that

GPA is a true target-derived neurotrophic factor that regulates cell death of CG neurons.
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Introduction

Neuronal cell death plays a crucial role during development to sculpt neuronal cell
number 4. The degree of change in cell number that occurs is regulated by the tissues that
are innervated by the neurons undergoing death; that is, removal of the target exacerbates
cell death, whereas addition of more target reduces cell death. A significant contribution to
the understanding of neuronal cell death has been the discovery that neuronal cell survival
in vivo is dependent upon a neurotrophic factor produced by the target tissue. Blocking the
action of nerve growth factor (NGF) in vivo, for example, causes virtually all sympathetic
neurons to be eliminated. If cell death is regulated by the availability of trophic factor, then
the addition of exogenous factor during the period of death should rescue neurons. Such
experiments have been difficult to analyze in sympathetic and sensory ganglia because the
period of cell death is extensive, and proliferating and differentiating neurons are
intermixed with dying neurons. Thus, although the addition of NGF was found to
decrease the number of pyknotic nuclei, one cannot rule out an effect on proliferation or
differentiation of neurons from precursor cells74: 75,

The avian ciliary ganglion has key advantages for investigating the interaction
between neurons and target tissues in detail. The ciliary ganglion is parasympathetic and
composed of only two types of neurons, ciliary and choroid35. The survival and
differentiation of both types of neurons can be monitored throughout development. They
withdraw from the mitotic cycle at ES prior to the time that they undergo target-dependent
cell death between E9 and E1337. 38, This period of cell death is shorter than that observed
in other ganglia because of the relative synchrony of development between the two cell
types. The target tissues of the ciliary ganglion are all contained within the eye: ciliary
neurons innervate striated muscle of the iris and ciliary body; choroid neurons innervate
smooth muscle of the vasculature in the choroid layer76. Both of these targets can be

readily dissected and separately manipulated. For example, substances injected into the
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anterior chamber of the eye have access to the iris/ciliary body but are physically separated
from the posterior chamber where the choroid is located. Choroid neurons can be
distinguished from ciliary neurons by the expression of somatostatin immunoreactivity 77 ",
Finally, cells from the target tissues as well as both neuronal populations of the CG
neurons can be readily maintained in cell culture43. 45. 79 Thus, the effects of specific
molecules on neurons can be monitored, and hypotheses regarding their action can be
tested.

Two molecules have been isolated and cloned on the basis of their ability to support
CG neuron survival in cell culture. Ciliary neurotrophic factor (CNTF) was purified and
cloned from rat and rabbit sciatic nerve5! 52, The full length cDNA for rat CNTF lacks an
N-terminal signal peptide and is not secreted from transiently transfected cells. Hence,
CNTF is not thought to be a true target-derived trophic factor in the rat®9. Since antibodies
and cDNA probes for rat CNTF were unable to cross-react with chick CNTF, we purified
and cloned a chicken molecule which was initially identified as growth promoting activity
(GPA%). GPA shares 48% amino acid identity with rat CNTF and also lacks an N-
terminal signal sequence. However, GPA is secreted from transfected cells and its mRNA
is expressed in the eye during embryonic development54.

Our hypothesis is that GPA is a target-derived trophic factor for chick ciliary
ganglion neurons in vivo. In order to extend our studies, it was necessary to express and
purify a highly active recombinant GPA which was then used to make GPA specific
polyclonal and monoclonal antibodies. The antibodies were used to test whether the
neurotrophic activity in CG targets was GPA by performing immunodepletion experiments.
Immunocytochemistry was also used to determine whether the cell-specific distribution and
developmental expression of GPA protein was consistent with our hypothesis. These
studies now set the stage for the future in vivo manipulations that will be necessary to

rigorously test our hypothesis.
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Materials and Methods

Expression and purification of recombinant GPA. Two different purification protocols (A
and B) were devised to purify GPA. In both protocols, the coding region for GPA was
inserted into a low expression procaryotic vector under the direction of a tryptophan
promoter in order to increase the chance of producing recombinant chicken GPA (rGPA) in
a soluble form. For protocol A, rGPA was induced by incubating log phase cultures in the
presence of 25 mM indole acrylic acid (Sigma, S. Louis, MO) overnight at 37°C with
vigorous shaking. Cultures of the expressing strain were prepared by inoculating 8 liters
of minimal medium (supplemented with 15 pg/ml tetracylcine and 0.5% casaamino acids)
with a log phase culture. Cultures were incubated for 1 hour, then induced with 1 mM
indole acrylic and incubated overnight with vigorous shaking. Cells were then harvested
by centrifugation, treated with 1 mg/ml lysozyme for 30 minutes at 37°C, then lysed by
sonication for 4 minutes in the presence of a cocktail of protease inhibitors. The cell lysate
was centrifuged at 43,000 x g at 4°C for 60 minutes, and the supernatant dialyzed against
20 volumes of dialysis buffer with 3 changes of buffer. The dialysis material was
centrifuged at 41,000 x g at 4°C for 60 minutes and the supernatant applied to a DEAE-
Sepharose column (Pharmacia, Uppsala, Sweden) equilibrated with 20 mM Tris-HCl, pH
7.4. A0 to IM NaCl gradient was applied and the peak rGPA fraction determined by a
short term ciliary culture survival assay33. Recombinant GPA eluted at about 225 mM
NaCl from DEAE Sepharose, as did the native form of GPAS3. The peak fraction was
concentrated to less than 2 mls by ultrafiltration, combined with SDS-PAGE sample
loading buffer and run on an 11 cm preparative SDS-PAGE tube gel for a total of 36 hours
at 25°C. Fractions were assayed for biological activity and the peak fractions pooled and
concentrated by ultrafiltration. SDS was removed from the final product by two passes

over a Sephadex G-10 column (Sigma).

18



For protocol B, total cellular lysate was passed over a larger DEAE column under
the same conditions as in protocol A, and the peak fraction concentrated and applied to a
Sephacryl S300HR column (Pharmacia). Recombinant GPA was detected in multiple
peaks. Recombinant GPA containing fractions were bioassayed, the most active fractions
pooled, adjusted to 2M (NH,),SO,, and passed over a Toyopearl hydrophobic interaction
column (HIC). Recombinant GPA did not bind to the column and came through in the
flowthrough. The HIC flowthrough was adjusted to 0.1% trifluoroacetic acid (TFA) and
run over a Toyopearl reverse phase column, where it again eluted as multiple peaks. Each
fraction was bioassayed and the peak fractions pooled into three groups based on the level
of biological activity (pools A, B, and C). Only the pool of highest biological activity, pool

A, was used in the experiments outlined here.

Expression and purification of recombinant rat CNTF. Recombinant rat CNTF (rCNTF)
was expressed in the same vector as that for GPA and was purified by a variation of
protocol B.  After DEAE chromatography, rCNTF containing fractions were pooled,
concentrated by ultrafiltration and applied to a Sephacryl S200 column. Fractions
containing rCNTF, as determined by SDS-PAGE, were pooled and concentrated, adjusted
to 0.2% TFA and run on a Vydac C4 HPLC reverse phase column. A 15% to 95%
acetonitrile gradient was applied to the column and rCNTF eluted as a sharp peak. The

final product was tested using E8 CG neuronal survival assays.

GPA bioassay.  Short term (2-5 days) CG neuronal survival assays were performed
according to Eckenstein, et al., 199033, using E8 ciliary ganglia. Neuronal survival was
determined by counting the number of large, phase-bright cells with processes greater than

3 cell diameters in 72 hour cultures.
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Culture methods. E8 (St. 34) ciliary ganglia were removed and dissociated as previously
described 53 and cultured in Eagles Minimal Essential Medium (MEM, Gibco-BRL, Grand
Island, NY) containing 10% (v/v) heat-inactivated horse serum (Gibco-BRL) with 50 U/ml

penicillin, 50 pg/ml streptomycin, and 2mM glutamine.

Production of GPA specific polyclonal and monoclonal antibodies. 50 ng of rGPA
purified by protocol A was diluted into PBS and injected into the lymph nodes of New
Zealand white rabbits. Rabbits were given three boosts at three week intervals and their
titer monitored by Western blot analysis against a crude bacterial lysate of induced cultures.
Monoclonal antibodies were prepared according to Kohler and Milstein, 197580, Briefly,
four Balb/C mice were given a total of five 25 pg injections of rGPA (protocol A and B)
over a four month period. Mice with positive titers for rGPA on dot blots were sacrificed
by asphyxiation with CO,, their spleens removed and the splenocytes were fused with NS-
I myeloma cells using polyethylene glycol (PEG). The resulting hybridomas were cultured
in a modified Leibowitz L-15 medium8! containing 15% (v/v) prescreened fetal bovine
serum (Whittaker), 2 mM glutamine, 50 U/ml penicillin, 50 pg/ml streptomycin, and HAT
(0.1 mM hypoxanthine, 0.4 uM aminopterin, and 16 uM thymidine). After 6 days, the
HAT was replaced with HT (0.1mM hypoxanthine and 16 uM thymidine). The surviving
clones were screened initially by dot blot analysis against rGPA. Specificity to rGPA was
determined by Western blot against both partially pure (DEAE peak) and pure rGPA.
Positive antibody preparations were tested for cross-reactivity to CNTF on Western blots

against recombinant rat CNTF using equal amounts of CNTF and GPA.

Western blot analysis and immunoprecipitations. All samples were run on 16% SDS-
PAGE gels in beta-mercaptoethanol-containing sample buffer, transferred to nitrocellulose
(Schleicher and Schuell, Keene, NA) or PVDF (MSI, Westboro, MA) for 30 min. at 150

mA using a semidry blotting apparatus, and blocked for at least 24 hours at 4°C in 10%
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horse serum/ 2% powdered milk/0.1% Triton-X100 in phosphate buffered saline (PBS).
Samples contained 100 ng of either a crude bacterial lysate of rGPA, purified rGPA, or
purified recombinant rat CNTF. The blots were incubated with primary antibodies diluted
in 10% horse serum, 0.1% Triton-X100 for 60 minutes at 25°C, washed 3 times in 0.5 M
NaCl/ 0.1% Triton-X100/PBS and 3 times in PBS, then incubated for 60 minutes with a
biotinylated secondary antibody (Vector Labs), washed, and incubated with alkaline
phosphatase coupled avidin (Gibco-BRL) for an additional 60 minutes. Blots were
developed using NBT/BCIP as a substrate. In cases where immunoprecipitation was
employed, samples were incubated with either rabbit anti-GPA polyclonal antibodies bound
to protein A-Sepharose beads or normal rabbit serum (NRS) prebound to protein-A
Sepharose (Sepharose). Samples were incubated overnight at 4°C, centrifuged, and the

supernatants stored at 4°C until bioassayed.

Immunocytochemistry.  The choroid layer can be isolated from the rest of the eye by
dissection beginning at about E7. By peeling apart the three eye layers (Fig. 4b), the
choroid layer can be clearly separated from the two other layers, and given its thin and
transparent nature can be stained as whole tissue. For floating preparations of choroid
layers, E7-E19 eyes were removed from embryos, cleared of extraneous tissue, and an X-
shaped incision made at the back of the eye. The vitreous was then pulled away and the
neural retinal layer removed (with the exception of the pigmented epithelium that adheres to
the choroid layer in embryos younger than E15). Pigmented epithelium was removed
using cotton swabs leaving only the clear choroid and sclera layers of the eye. Tissues
were fixed for 20 minutes in 1% paraformaldehyde and 15% picric acid for 30-60 minutes
at room temperature with gentle shaking, and the fixative removed by five washes in PBS.
After fixation, the sclera was removed with a pair of fine forceps and the isolated choroid
layers incubated for at least 24 hours in 10% horse serum, 0.5% Tween, 0.2% azide in

PBS (blocking solution). For sciatic nerve, adult chicken sciatic nerves were removed,
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cleared of extraneous tissue, and fixed overnight at 4°C with gentle shaking in freshly
prepared 4% paraformaldehyde. The fixative was removed by five washes with PBS, and
the nerves incubated each in 15% sucrose/PBS, 30% sucrose/PBS, 50% Tissue-Tek
(OCT) (Miles, Inc., Elkhart, IN), and 100% Tissue-Tek. 20 Wm cryostat sections were
made in both longitudinal and cross section orientations and the tissues incubated in
blocking solution for at least one week at 4°C.

Whole eye tissues and cryostat sections were stained by a double peroxidase-
antiperoxidase (PAP) staining procedure using diaminobenzidine as a substrate with nickel
enhancement. Cryostat sections were stained as floating sections. Briefly, cryostat
sections were preincubated overnight with blocking solution, then incubated for 60 minutes
in primary antibodies at room temperature followed by a 30 minute incubation in H,0, to
inactivate endogenous peroxidases. Sections were then incubated with a 1:400 dilution of
either goat anti-mouse or goat anti-rabbit (Sternberger Monoclonals, Baltimore, MD) for
one hour, followed by a 1:400 dilution of rabbit or mouse PAP (Sternberger Monoclonals)
for one hour. Sections were then incubated with another round of secondary and PAP
complex and incubated with diaminobenzidine substrate for 8 minutes. All steps were
followed by washing 6 times in 0.5% Triton-X100, 5% horse serum in PBS. Polyclonal
anti-GPA and CNTF were used at a 1:500 dilution. As a means of blocking specific
staining, anti-GPA polyclonal serum was passed 3 times over a 1 ml rGPA-affigel column
prepared using reverse phase purified rGPA, pool A, crosslinked to Affigel-15 (Biorad,
Hercules, CA). The flowthrough of the column was aliquoted and stored at -80°C until
needed. For eye tissues, choroid layers were stained as floating tissues in 0.4 ml solution
per well in 48-well plates. Immunolocalization of GPA was most successful with portions
of whole choroid layer stained floating. To compensate for the thickness of the tissues,
incubations were increased as follows: primary antibodies 12 -18 hours, secondary and
PAP complexes 12 hours each, wash times 20-30 minutes per wash, 3-4 washes per

solution. Primary antibodies were incubated at room temperature, while all subsequent
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steps were performed at 4°C, with the exception of the DAB substrate. NiCl was also used
to enhance the intensity of staining. Primary antibodies were used at 1:800 and anti-GPA
monoclonal antibody 13p at 1:4. Ciliary body and iris were treated in a similar way to
choroid, except pigmented cells of the iris and ciliary processes were partially removed
with a cotton swab before antibody incubation. E12 was selected as a time point because it
is during CG cell death when GPA should be present and the choroid layer is well defined.
For colocalization of GPA and SMSA, TRITC-labeled anti-SMSA antibodies (Sigma) and
rabbit anti-GPA sera (both used at 1:500) were incubated for 4 hours with floating choroid
layers at 25°C. Samples were then incubated with FITC-labeled goat anti-rabbit secondary
antibodies (1:500) for 2 hours. Some samples were incubated with TRITC-SMSA alone to
check for specificity of fluorescein and rhodamine filters. All photomicrographs were
scanned on a color flatbed scanner and adjusted to equal brightness/contrast in Adobe

Photoshop, then printed on a dye-sublimation printer as composites.

Preparation of target tissue extracts. E8-E18 eyes were isolated and cleared of extraneous
tissue, including the optic nerve, CG, and extraocular muscles, then the vitreous removed.
Tissues were immediately frozen in liquid nitrogen and stored at -80°C prior to processing.
An extract was prepared by grinding the thawed tissue in a Tekmar homogenizer in 10 mM
NaMOPS, 5 mM EDTA, pH 7.2 in a cocktail of protease inhibitors, followed by sonication
with a Cole-Parmer 4710 probe type sonicator for 2 minutes on ice. All subsequent steps
were performed at 4°C. The extract was centrifuged at 26,000 x g for 30 minutes at 4°C
and the supernatant dialyzed overnight with 2 changes of buffers. The extract was
centrifuged again at 26,000 x g for 60 minutes and the supernatant passed over a DEAE-
Sepharose column pre-equilibrated with 10 mM NaMOPS, pH 7.2. A step gradient of
0.15, 0.3, and 1M was applied and the 0.3 M fraction applied to a heparin-agarose column
(Biorad). The flowthrough was divided into aliquots with one aliquot being incubated with

anti-GPA polyclonal sera prebound to protein-A-Sepharose beads and another to NRS-
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protein-A-Sepharose. Other aliquots were boiled for 30 minutes, incubated with 1 mg/ml
proteinease K (final concentration) (Boehringer Mannheim, Indianapolis, IN) for 30
minutes at 37°C, or left untreated. All samples were 0.22 pm filter sterilized prior to use in

the bioassay.
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Results

Production and characterization of GPA-specific antibodies.
Recombinant GPA (rGPA) expressed in a procaryotic expression vector supported survival
of E8 CG neurons (Fig. 1). Both the SDS-PAGE and reverse-phase purification protocols
yielded about the same purity rGPA; however, SDS-PAGE purified GPA had a higher
specific activity. GPA had a tendency to aggregate during purification and inclusion of
detergent increased its biological activity. The EDy, of our best preparation of rGPA was
approximately 1 pg/ml. Compared to purified sciatic nerve GPA, rGPA was more active
on E8 CG. E8 CG neurons cultured in the presence of rGPA had large phase bright cell
bodies with many processes and could be maintained in culture for at least 3 weeks.
Polyclonal and monoclonal antibodies were prepared using both preparations of
rGPA described in Materials and Methods. The specificity of these antibodies was verified
on Western blots against both rGPA and rCNTF (Fig. 2). Both the polyclonal and the
monoclonal antibodies recognized purified rGPA (Fig. 2, lanes 5 and 6, respectively).
When incubated under identical conditions, neither antibody recognized rCNTF (lanes 11
and 12). When tested against a crude bacterial lysate (lanes 1 and 2) from a GPA
overexpressing strain of E. coli, both the polyclonal and monoclonal antibodies recognized
a 23 kDa band that comigrated with purified tGPA. The polyclonal sera also detected a
higher molecular weight band (lane 1). Passing of the anti-GPA polyclonal sera over a
GPA-affigel column abolished the specific immunoreactivity (lanes 4 and 8). The GPA
antibodies did not cross-react with tCNTF (lanes 7 and 10); likewise, CNTF specific
polyclonal antibodies were unable to recognize rGPA (lane 3). GPA antibodies were also
able to deplete extracts of embryonic eye of a significant proportion of their ciliary

neurotrophic activity (see below).
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Figure 1. Purity and biological activity of recombinant chicken GPA. Panel 4,
aliquots of rGPA purified by protocols A and B were run on an SDS-PAGE gel and stained
with coomasie dye to assess levels of contaminating proteins. Despite the more lengthy
purification scheme of protocol B, both preparations were of about equal purity. SDS-
purified GPA was subsequently used for antibody production and bioassays. Reverse
phase purified GPA was used for monoclonal antibody production and for coupling to
Affigel beads. Panels B and C, recombinant GPA supports survival of avian ciliary gan-
glion neurons in culture. E8 ciliary ganglion neurons were cultured in the presence (B) or
absence (C) of 1 ng/ml rGPA for 3 days. Specific activity of rGPA varies between prepa-
rations, but is at least as potent as GPA purified from adult sciatic nerve.
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Figure 2. Specificity of antibodies against GPA. The specificity of polyclonal and mon-
oclonal antibodies was monitored by western blot against a crude extract of a GPA over-
expressing strain of E. coli (lanes 1-4). Recombinant GPA expressed under the conditions
used here represents only a small percentage of total cellular protein and is not the most
abundant protein. Cross reactivity to CNTF was determined by incubating GPA antibod-
ies with equal amounts of purified rGPA (lanes 5 -8), and to purified rat CNTF (lanes 9-
12). Both GPA polyclonal and monoclonal antibodies recognized a 23 Kda band in a
crude bacterial lysate (lanes 1 and 2, respectively, marked B) and recognize the purified
product (lanes 5 and 6). A 42 Kd band was often detected in both the crude lysate and in
the purified preparations of rGPA (marked at A), which may represent a dimer. The band
at C may represent a degradation product. Polyclonal anti-GPA sera passed over a GPA-
affigel column abolished this immunoreactivity (lane 4), and unconditioned hybridoma
medium had no specific signal compared to the monoclonal anti-GPA 13p (lane 8). Anti-
CNTF antibodies were tested on rGPA and anti-GPA polyclonal sera on purified rat CNTF.
Polyclonal anti-CNTF antibodies failed to recognize chicken GPA (lane 3) under identi-
cal conditions where an equal amount of rat CNTF (1 pg) can clearly be detected (lane 9)
when tested under identical conditions (marked D).
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Immunolocalization of GPA.

GPA in sciatic nerve. Consistent with the low abundance of GPA observed when it was
purified from sciatic nerve33, or from embryonic eye34, GPA-like immunoreactivity (GPA-
IR) proved challenging to detect. GPA immunoreactivity in tissues was best detected usin g
a double peroxidase/ anti-peroxidase (PAP) staining protocol on floating sections of sciatic
nerve or whole mounts of uveal layer (choroid, iris, and ciliary body, see Fig. 4). In rat
sciatic nerve, cross sections stained with rabbit anti-rat CNTF showed dense staining
around nerve axons, characteristic of myelin staining in Schwann cells 59 60, 71, 82-84 (Fig_
3, Panel A and inset). Rat sciatic nerve sections incubated with normal rabbit serum
showed no specific staining (Panel C). GPA polyclonal antibodies on chick sciatic nerve
resulted in a staining pattern similar to that of CNTF-IR in rat sciatic nerve (compare Panels
A and B). Preabsorbing the anti-GPA using a GPA-affinity column abolished the GPA-IR
on chick sciatic nerve (Panel D). In longitudinal sections, GPA-like immunoreactivity
(GPA-IR) was localized to the cytoplasm of Schwann cells and closely resembled CNTF
staining in adult rat sciatic nerve (not shown). Whereas CNTF immunoreactivity could
readily be detected in longitudinal sections, GPA-IR was extremely faint and could be
found in only a few cells. To check for cross-reactivity of GPA and CNTF antibodies,
GPA antibodies were used to stain rat sciatic nerve and CNTF antibodies chick sciatic
nerve sections.  Neither combination of antibody and tissue resulted in specific

immunoreactivity.

GPA in ciliary muscle. The targets of the ciliary neurons in the ciliary ganglion are the
muscle fibers of the ciliary body and iris (see Fig. 4a). The detection of GPA in whole
mounts of ciliary body and iris was complicated by the thickness and density of the tissue
and the high degree of pigmentation in the iris. GPA-IR, however, could be detected in
those areas where pigmented iris cells were removed and the underlying ciliary processes

were exposed (Fig. 5). GPA-IR appeared in the ciliary muscle as fairly dense staining in
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Figure 4. Diagram showing the location of CG targets. The ciliary ganglion lies at the
back of the eye and contains two populations of neurons: choroid neurons that innervate
smooth muscle cells surrounding choroid arteries in the choroid layer and ciliary neurons
that innervate the ciliary body and iris. Panel 4, cutaway view of the anterior portion of
the eye showing the location of the ciliary neuron targets. Ciliary neurons innervate both
the muscle fibers of the ciliary body and the sphincter muscle within the innermost por-
tion of the iris. Panel B, the choroid layer is a highly vascularized layer that supplies blood
to the other eye layers and can easily be isolated by gently peeling apart the three eye lay-
ers and removing the pigmented epithelium with a cotton swab.
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individual muscle fibers (Fig. 5, arrowheads, Panel A). No such staining was seen when
the GPA hybridoma conditioned medium was substituted with unconditioned medium (Fig.
5, Panel B). Overall, the staining was more intense at E12 for GPA-IR in the ciliary

muscle than it was in any region of the choroid layer at the same age (see below).

GPA in the choroid layer of the eye. The targets of the choroid neurons of the ciliary
ganglion are the smooth muscle cells of the arteries of the choroid layer. The choroid layer
lies between the neural retina and the sclera of the eye (Fig. 4b), and is a complex tissue
consisting of many small veins and arteries and extensive capillaries®S. To determine if
GPA is present in the smooth muscle cells surrounding choroid arteries, or in non-target
cells located in the same tissue, we carefully removed the choroid layer from E12 chick
eyes (Fig. 4b) and stained for GPA-IR using both polyclonal and monoclonal anti-GPA
antibodies. Faint, but distinct GPA-IR was detected in the choroid layer at E12. Choroid
layers stained for smooth muscle specific actin (SMSA) to identify the arterial vasculature
had immunoreactivity that closely resembled the GPA-IR staining pattern (Fig. 6, compare
Panels A and C). The amount of GPA-IR varied between different arteries, partially due to
the fact that some arteries are surrounded by thicker layers of smooth muscle cells and
some arteries are larger than others. Staining with polyclonal antibodies against GPA
revealed the same pattern of immunoreactivity as that of the monoclonal antibodies, but the
staining was less distinct (Panel E). At higher magnification, the GPA-IR localizes to cells
with the elongated morphology characteristic of smooth muscle cells (arrowheads, panels
B, D, and F). Controls including staining with unconditioned hybridoma medium or with
GPA antiserum passed over a GPA-affinity column abolished this distinct pattern of
staining (Panel G). Rat CNTF immunoreactivity was not detected in choroid (Panel H).
Although the similarity in the pattern of staining between anti-GPA and anti-SMSA
suggested that GPA was being produced by smooth muscle cells surrounding arteries in the

choroid layer, it was also possible that GPA-IR could be in endothelial cells of the arteries.
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Figure 5. GPA-IR in ciliary muscle. E12 ciliary bodies and iris were stained with either
anti-GPA 13p monoclonal antibody (4) or with unconditioned hybridoma medium (B).
Panel 4, GPA-IR localized to ciliary muscle fibers within the ciliary body. Dark areas in
Panel B represent pigmented cells in the iris. Ciliary muscle, cil. m. Bar = 20 Lm,
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Figure 6. GPA-IR in the choroid layer of the eye. Expression of GPA-IR in vascular
smooth muscle cells of the choroid. Intact choroid layers were dissected from E12 chick
eyes, fixed, and stained for either smooth muscle specific actin (SMSA) (Panels 4 and B),
GPA with anti-GPA polyclonal antibodies (Panels C and D) or with monoclonal anti-
GPA13p (Panels E and F), with GPA polyclonal sera passed over a GPA-affigel column
(G), or for CNTF with anti-CNTF polyclonal sera (H). All tissues were stained simulta-
neously using a double peroxidase-anti-peroxidase protocol with nickel enhancement.
GPA like immunoreactivity (C-F) displayed the same staining pattern as that of SMSA (4
and B). Arrowheads indicate cells with smooth muscle morphology that outline blood
vessels. Panels 4, C, E, and G are low magnification, bar = 20 um. Panels B, D, F and
H are high magnification, bar = 8 pm.
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Using double immunofluorescence we colocalized SMSA and GPA in choroid tissue (Fig.
7, arrowheads, Panels A and B, respectively). To exclude the possibility that the GPA
antibodies cross-react with an epitope in smooth muscles, we stained chick amnion and
blood vessels in the chorioallantoic membrane- rich sources of smooth muscle. Neither the
polyclonal or monoclonal GPA antibodies were able to yield specific staining, even though
both structures stained strongly for smooth muscle specific actin (data not shown).
Another possible source of GPA in eye could be myelinating Schwann cells of the
nerves present within the choroid layer. We incubated E12 choroid layers with either anti-
P, (a major myelin protein), anti-neurofilament, or with anti-GPA antibodies and compared
the staining pattern for each. While anti-neurofilament antibodies stained a meshwork of
large and small fibers throughout the choroid layer, P, staining was found in only a few
large nerves coursing through the choroid layer. GPA-IR was not associated with either

the P, or the neurofilament staining pattern (data not shown).

Comparison of GPA expression before, during, and after the cell death
phase. Staining of the choroid layer at various developmental ages with polyclonal anti-
GPA antibodies revealed that GPA-IR was undetectable until E10, where it faintly outlined
blood vessels (Fig. 8, Panels A and B). GPA-IR arose strongly in expression by E15
(Panels C and D) through E17 (Panels E and F), where it appeared to level off with E19
showing only a slightly higher level of immunoreactivity (data not shown). Despite the
variations in GPA-IR levels, the overall staining pattern in the vasscular bed changed little
over time, with only the intensity of staining within smooth muscle cells being more
intense.

As a more quantitative measurement of changes in GPA levels, whole extracts from
eyes of various ages were assayed for neurotrophic activity. To ensure that the
neurotrophic activity being measured reflected predominantly GPA and not other

neurotrophic molecules, such as fibroblast growth factors 33, eye extracts were extensively

34



Figure 7. Expression of GPA-IR in the vascular smooth muscle of the choroid layer
of the eye. E17 choroid layers were simultaneously stained for GPA with rabbit anti-GPA
polyclonal sera and mouse anti-smooth muscle actin. Fluorescein labeled GPA (Panel B,
arrows) colocalized to the same smooth muscle cells labeled by rhodamine coupled
SMSA antibodies (Panel 4). Another choroid layer stained for only SMSA using rho-
damine labeled primary antibodies (Panel C) showed no significant fluorescence in the
fluorescein channel. Arrows in 4 and B indicate cells lining blood vessels containing
immunoreactivity. Note the coincidence in staining for SMSA and GPA. Scale bar = 20

um.,
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tigure 8. GPA-IR in the choroid during CG neuron cell death. Choroid layers were
dissected from different age eyes, fixed, and stained for GPA using rabbit polyclonal sera.
A4 and B, E10; C and D, E15; E and F, E17. Panels 4, C, and E show at low magnifica-
tion (bar = 20 um) GPA staining of choroid layers at different ages. GPA-IR increases
strongly at E15 and remained high thereafter. At higher magnification (Panels B, D, and
F, bar = 8 um) GPA staining intensity can be seen to increase per cell at later develop-
mental ages and the number of cells stained is greater. Arrows in B, D, and F indicate
smooth muscle cells of arteries containing immunoreactivity of GPA. Scale bars = 20 um
for 4, C, E, 8 um for B, D, and F.
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dialyzed to remove small molecules, fractionated over a DEAE column, then passed over a
heparin-agarose column to remove heparin binding growth factors. Comparing E9, E12,
and E18 eye extracts prepared simultaneously and adjusted to equal volume, showed that
E9 extracts already had significant GPA-like neurotrophic activity (Fig. 9b). E12 extracts
were found to have about the same level of activity as E9, whereas E18 extracts had 12-
fold more neurotrophic activity than E9. Of the total GPA-like activity present within an
enriched E18 eye extract, 92% of the activity could be removed with anti-GPA sera (Fig.
9a). As a control, an identical aliquot was immunodepleted using NRS and only 11% of
the activity could be removed. Boiling or protease treatment, on the other hand, depleted

the neurotrophic activity to background levels (medium alone).
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Figure 9. Quantification of GPA in the eye during CG neuronal cell death. Whole
cye extracts were prepared from E9, E12, and E18 eyes and enriched for GPA by dialysis,
and DEAE and heparin-agarose chromatography. Panel 4, the amount of the remaining
trophic activity that could be immunodepleted by anti-GPA polyclonal antisera was deter-
mined by incubating extracts with GPA antibodies pre-bound to protein A-agarose and
testing the final sample on E8 neuronal survival assays. As a control an identical extract
was treated with normal rabbit serum-protein A-agarose. Boiling the enriched extract for
30 minutes or incubation with proteinase K (1 mg/ml) for 20 minutes at 37°C could also
remove the activity. Culture medium alone was used as a background measurement of
activity. This is a representative experiment with each time point done in triplicate and
the error bars indicates the SEM. Panel B, representative experiment showing the specif-
ic activity of different age eye extracts. Dose response curves were generated for each of
the three time points in a short term survival assay (1 week). Neurons were plated in cul-
ture medium supplemented with either a saturating amount of GPA, medium alone, or
with various dilutions of extract. All extracts were dialysed, DEAE fractionated, passed
over a heparin agarose column and filter sterilized before use. Trophic units were calcu-
lated as the greatest dilution of extract that gave half-maximal results times the volume of
extract. All extracts were adjusted to equal volume before testing.
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Discussion

In order for a molecule to be a true target-derived trophic factor for CG neurons the
following criteria must be met: 1) the molecule must be synthesized and released by the
cells innervated by the neurons, 2) it must be present during part or all of the cell death
phase; 3) addition of exogenous factor should rescue neurons from cell death; and 4)
blocking the effect of the molecule should exacerbate cell death. We have previously
purified and cloned GPA, a molecule that is similar in size and structure to rat CNTF, but is
secreted from transfected cells’*. We have now prepared a highly active form of
recombinant GPA, isolated polyclonal and monoclonal antibodies against GPA,
quantitatively depleted the ciliary neurotrophic activity from embryonic eye extracts by anti-
GPA, and localized GPA-like immunoreactivity to cells innervated by ciliary ganglion
neurons. These results establish that GPA meets the first two criteria described above for a
target-derived trophic factor for CG neurons. Thus, the stage is now set for testing the
effects of manipulating GPA levels in vivo.

Recombinantly expressed GPA was equal to or more active than native GPA, with
an ED;, of about 1 pg/ml or about 0.05 pM. The difference in biological activity seen
between native and recombinant GPA is probably a reflection of the different purification
protocols used and the fact that detergents increase the specific activity and stability of
rGPA preparations. Recombinant GPA also had a higher specific activity than that reported
for recombinant forms of CNTF86-89, perhaps reflecting the greater efficacy of a
nonspecific molecule.

Since GPA was originally purified from sciatic nerve, we first tested our
immunocytochemical staining protocol on sections of adult chicken sciatic nerve and
compared the GPA staining pattern to that of anti-rat CNTF on sections of rat sciatic nerve.
The distribution of GPA-IR within sciatic nerve closely resembled that of CNTF-IR.

However, GPA-IR, was present in far fewer Schwann cells and within a given cell was of

39



much lower intensity compared to CNTF in rat tissue. The relatively lower amounts of
GPA observed in chick versus CNTF in rat sciatic nerves was consistent with the
approximately 10-fold higher purification required to isolate GPA (>80,000-fold) versus
CNTF (10,000-fold). In addition CNTF antibodies were unable to immunolocalize GPA
in chick sciatic nerve. Similarly, anti-GPA was unable to detect CNTF in rat sciatic nerve,
indicating that although GPA and CNTF are structurally similar, they differ in antigenicity.

GPA immunoreactivity in the developing eye was localized to both types of target
cells innervated by CG neurons. Staining of smooth muscle cells in the arterial vasculature
was determined by double immunofluorescence using mouse anti-smooth muscle specific
actin and rabbit anti-GPA. Due to interference from pigmentation, we were unable to
observe immunolocalization of GPA in the iris; however, staining of fibers in the ciliary
muscle was distinct and stronger in intensity than that within the choroid layer. The
distribution of GPA immunoreactivity was in agreement with results obtained previously
using bioassays of crude extracts from microdissected portions of the eye47. 90, 91, Qur
results also suggest that the trophic activity observed in explanted cultures of chick
choroid?? is likely to be GPA. Amnion, on the other hand, is highly enriched in smooth
muscle and reported to possess a trophic activity for CG neurons%2, and did not have
detectable levels of GPA immunoreactivity. Thus, the trophic activity in amnion may have
been due to another molecule.

GPA immunoreactivity in the choroid appeared to remain low before and during
CG cell death with a dramatic increase once cell death was complete. This was confirmed
by bioassays of enriched supernatant of eye extracts under conditions where virtually all of
the biological activity could be immunodepleted by antibodies against GPA. These results
are in agreement with previous studies measuring CG trophic activity in conditioned
medium from cultured CG targets removed from various stages of development?!. In these
previous studies the identity of the molecule responsible for the trophic activity was not

known. The changes in GPA protein levels during development were also in agreement
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with our previous observation that GPA mRNA levels in the developing eye>4, are low
prior to cell death but increase significantly halfway through cell death.

It has been suggested that the high level of ciliary neuronal survival activity in crude
ceye extract is difficult to reconcile if survival activity is available only in limiting
amounts3. However, it may be difficult to extrapolate from levels accumulated by cells to
amounts that are actually released and made available to neurons. For example, we have
previously shown that the release of GPA from transfected cells appears to be inefficient5#.
We have also observed that crude eye extracts contain multiple sources of trophic activity
for CG neurons, that may not all be available to the neurons in vivo. In addition to a non-
heparin binding macromolecular fraction that could be immunodepleted with antibodies
against GPA, we also found dialyzable and heparin binding fractions with activity. The
heparin binding fraction is likely to be acidic or basic FGF, neither of which are known to
be secreted from cells.

The structural similarity of GPA to CNTF, together with our observations that GPA
is expressed in Schwann cells of the sciatic nerve as well as target cells innervated by CG
neurons, suggest that GPA is chicken CNTF. Interestingly, chicken CNTF differs from
mammalian CNTF in that it is released by transfected cells and is expressed embryonically.
Ironically, the expression of CNTF in the mammalian iris and ciliary body has never been
examined. In fact, no reports have yet appeared as to whether CNTF knockout mice retain
a pupillary reflex, a functional indicator of the presence of ciliary neurons, although it has
been reported that CNTF is unable to rescue CG neurons from cell death in chicken
embryos 4. However, these studies used recombinant human CNTF which had an ED,, of
470 pg/ml. This is considerably lower than the specific activity of freshly purified
recombinant chicken CNTF (1 pg/ml), and these experiments should be repeated with the
homologous molecule.

Our results provide further support for the hypothesis that GPA, or chicken CNTF,

is the target-derived neurotrophic factor that regulates CG neuron cell death in vivo.
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Definitive proof of this hypothesis awaits in vivo experiments manipulating the availability
of endogenous trophic activity in CG neuron targets. If the CNTF family members are
found, it will be interesting to see if chickens have this factor as well or if CNTF in

chickens serves a dual role that in mammals is divided between two molecules.
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Supplementary data to Chapter 1

A. Expression and purification of chCNTF in a polyhistidine-tag vector.

Rationale. The extremely low abundance of chCNTF in the chick embryo makes the
availability of a recombinant form a necessity. Only 1.5 pg of chCNTF was obtained from
500 adult chick sciatic nerves (requiring a 80,000-fold purification)53 and calculations
based on purifications from E15 chick eye suggest that less than 1 ng is present per eye.
The two purification protocols described in this chapter requires two weeks to complete
from the start of the purification. Furthermore, the selection of the pTrp vector was based
on the assumption that lower levels of expression in E. coli would avoid the problem of
inclusion body formation often accompanied in bacterial expression of proteins. Rat, and
especially chick CNTF, however, are much more hydrophobic than predicted from their
primary sequence and expression in E. coli always resulted in the formation of large protein
aggregates that were very difficult to dissociate. This reason, coupled with the need to
produce purified chCNTF preparations more quickly led to the use of a second expression
system and a third purification protocol. In addition, three tyrosines were genetically added
to the carboxy terminus to aid in iodination of chCNTF needed for receptor binding studies
94-96. Previous attempts at iodinating rat and chick CNTF resulted in too low of specific

activity to be useful.

Methods. The coding region for chCNTF was inserted downstream of the PQE-8
expression vector (Qiagen) start site by subcloning into a HindIII restriction site. A
HindIII site was added to chCNTF at the appropriate location by PCR. The vector was
transformed into E. coli jm101 and colonies were screened by PCR. Fourty-five colonies

were screened, of which 32 contained the chCNTF insert. Five of the colonies were
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selected and tested for induction of rchCNTF in the presence of IPTG. Eight liter cultures
were grown up at 37°C, and induced at an optical density of 0.5 with 1 mM IPTG.
Cultures were further incubated for 4 hours and harvested by centrifugation and extracts
prepared as described for the two other protocols. ChCNTF was extracted by lysing
bacterial cell paste in a lysozyme containing buffer supplemented with a cocktail of
protease inhibitors and incubating at 37°C for 20 minutes. The cell extract was combined
with 5 volumes of 6M guanidine-HCI, 0.1 M Na,PO4, 10 mM Tris pH 8.0 and rocked
gently for 30 minutes at room temperature. The lysate was centrifuged at 41,000 x g for
15 minutes at 4°C, then passed over a Nickle-agarose column (Qiagen) and washed with
10 volumes of column buffer (8M urea, 0.1 M Na,PO,, 10 mM Tris, pH 8.0, 0.05%
Triton-X100), followed by 5 volumes each of column buffer pH 6.3 and 5.9. ChCNTF
was eluted in 10 volumes of column buffer pH 4.5, the protein containing fractions
determined by the method of Bradford 97 pooled, then reloaded onto the nickel column
equilibrated with column buffer, pH 8.0 to remove the urea. The column was washed
with 20 volumes 50 mM NaMOPS pH 7.2 (Sigma, St. Louis, MO), and chCNTF eluted
with 20 mM NaMOPS, 0.1% SDS, pH 7.2. SDS was partially removed from the
preparation by desalting over a Sephadex G10 column (Sigma), concentrated by
ultrafiltration, then stored at -80°C in 20 mM NaMOPS, 50% glycerol, 0.5% CHAPS.
The final purity of the product was about 95% of total protein as determined by
densitometry of all protein bands on a coomassie stained SDS-PAGE gel of purified

chCNTF (Fig. 1).

Results and conclusions. No direct comparison of biological activity was made between
rchCNTF produced by the three different purification protocols. Such a comparison would
only be relevant if the preparations were made within a few weeks of one another, as
chCNTF, like other neurotrophic factors, loses significant biological activity even when

stored at -80°C. After one year of storage at -80°C in the presence of 0.5% beta-octyl
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Figure 1. Purification of chick CNTF by nickel column chromatography.
Chick CNTF expressed with a polyhistidine tag could be resolved in one chromato-
graphic step, Panel 4. various amount of the purified factor were loaded loaded in
lanes 2-4. As predicted, polyhisitdine tagged chCNTF migrates as a larger protein
compared with chCNTF. All purified preparations of chick CNTF were able to sup-
port CG neurons in long term cultures, Panel B.
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glucoside and glycerol, chCNTF produced by any of the three methods lost about 10-fold
activity, and after three years at least 50-fold activity was lost. Storage at -20°C in glycerol
appears to retain more biological activity in long term storage. Addition of either beta-octyl
glucoside, CHAPS, Triton-X 100, or small amounts of SDS increase biological activity by
as much as 100-fold. A comparison of individual bioassays on preparations made by the

three different protocols is given in Table 1.

Table 1. Typical properties of purified material from the two expression systems and three

purification protocols.

yield per purity activity
preparation
preparation (mg)’ (percent) (EDy,)
pTrp-chCNTF, SDS-purified 5 97 1 pg/ml
pTrp-chCNTF, reverse-phase purified Z 98 20 pg/ml
pHis-chCNTF, Nickel purified 15 95 30 pg/ml

'." Values given are representations of typical values, actual values varied between

preparations.

ChCNTF expressed and purified by this protocol proved to be the most effective
means of obtaining milligram quantities of the factor. Instead of a two week protocol,

chCNTF could be prepared in 2 days with much higher yield and similar activity.
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Subsequent chCNTF preparations were critical for characterizing biological activity and
high affinity binding sites on sympathetic neurons® for characterizing the chCNTF
receptor GPAR0> and for characterizing high and low affinity binding sites on CG

neurons 96,

B. Distribution of chCNTF in the chick embryo analyzed by Northern blot

analysis.

Rationale. Most neurotrophic factors that have been tested are known to affect more than
one population of neurons and are found in numerous tissues. For example, CNTF can
support survival of spinal cord motor neurons98-192, rat cortical-spinal neurons!03,
thalamic nuclei neurons!04, hippocampal neurons!l!, Purkinje cells105, facial motor
neurons!%6, retinal ganglion neurons!07-10% nodose ganglion cells!10, acoustic ganglion
neurons!!3: 14sensory neurons#®: 53, 112, and sympathetic neurons#8: 53, in addition to
CG neurons®. 53, CNTF is also distributed in locations outside the targets of neurons and
may serve a role as a lesion factor6® 83, 115, 116 Rat CNTF expression can first be
detected at P7 in sciatic nerve and its expression goes up substantially thereafter and is
maintained at relatively high levels in the adult51. 70, It has also been detected in adult optic
nerve and the olfactory bulb, but not in skeletal muscle, liver, spleen, or lung of adult
rats’0, Rat CNTFRa, however, is expressed during development and is found in many
areas of the brain, spinal cord, muscle, and fat cells!!?, 73, This led us to question

whether chCNTF might be localized in other areas of the embryo.

Methods. Tissue collection and preparation of RNA samples. Tissues were collected
from the appropriate age white leghorn chick embryos incubated for the appropriate

number of days and staged according to Hamburger and Hamilton!18. All tissues were
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immediately immersed in liquid nitrogen and stored at -80°C until processed for RNA.
RNA was extracted from tissue samples by directly thawing into Tri-reagent (Molecular
Research Center, Cincinnati, Ohio) and processed according to the manufacturer's
directions. RNA pellets were resuspended in formazole, the purity and concentration
determined by measuring the absorbency values at 260 and 280 nm, then stored at -80°C
until ready for use. For Northern blots, 30 ug of total RNA was loaded per lane and run
on a 1% agarose-6.6% formaldehyde gel. The RNA was transferred to nitrocellulose and
prehybridized for 2 hours at room temperature, then hybridized overnight at 73°C in 50%
formamide and 0.75M NaCl with a 123 bp chCNTF riboprobe adjusted to 1 x10° cpm/ml.
A second probe for chick ribosomal protein subunit (chRPS) was added at 2x10° cp/ml to
the same hybridization solution. The blot was then washed in 0.05X SSC-1% SDS four
times, dried, and exposed to a Molecular Dynamics phosphoimager screen for three days.
Blots were quantified by taking the ratio of the chCNTF signal to chRPS signal in each

lane.

Results and conclusions. RNA was isolated from neural retina and whole brain since
these are areas that have been identified to express chCNTFRo. Leg and pectoral muscle
were also chosen since CNTF can promote survival of motor neurons in vitro and in vivo
and these are the targets of lateral spinal column motor neurons. Although previous
studies failed to show the presence of chCNTF in E12 neural retina54, an updated protocol
using a shorter probe revealed the presence of the message in E9 through E19 neural retina
(not shown). ChCNTF message was also detected in E19 brain, including cerebellum,
but was not found in either pectoral or leg muscle (Fig 2). The levels in brain were
slightly higher than that of E19 whole eye, which would include chCNTF the neural retina
signal as well as that of the two targets. Expression of chCNTF in neural retina and brain
suggests a possible involvement in the regulation of cell death or differentiation of other

populations of neurons. Studies are underway to localize the source of expression by
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Figure 2. Expression pattern of chCNTF mRNA in E19 embryos. 4, Chick CNTF
message is readily detectable in brain, including the cerebellum, using a riboprobe spe-
cific for chCNTF. Approximately 30 pg of total RNA was loaded in each lane. B, The
chCNTF signal in each lane was subtracted from a fibroblast negative control and nor-
malized to a constuatively expressed gene, chRPS. The relative levels of chCNTF in each
tissue is plotted.
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chCNTF in muscle would argue against it playing a role in spinal cord motor neurons
development. However, the critical phase of development when motor neurons become
target-dependent and begin cell death occurs much earlier at E6*, It would have also been
interesting to examine expression in the CG itself. However, since staining of chCNTF
has proven to be ineffective on sections mounted to slides and Northern blot analysis too
insensitive for such a small tissue, these questions will have to await analysis by PCR or

RNAse protection methods.

C. Developmental expression of smooth muscle actin in the choroid layer
of the eye.

Rationale. The reason cell death in the nervous system is thought to occur is to match the
neuronal populations with the target fields they innervate. This would leave one to believe
that the target has stopped developing and that the "match" that is created would be fine-
tuned. But target tissues continue to develop as do the neurons and the rest of the embryo.
During the first 6 days of chick development, the embryo roughly doubles in size each
day. In the case of CG targets, the iris and choroid layers go through massive changes
between E8 and E14. 1In the choroid layer, this is especially apparent since the layer is
transparent and its morphology can be easily observed under bright-field microscopy. At
E7, the choroid layer is very thin and is difficult to remove, but even at this age, small
blood vessels can be readily seen. By E14, the tissues is much larger and thicker, and the
blood vessels and capillaries are more numerous. By E17, blood vessels can easily be
seen with the naked eye. For this study, choroid layers were collected at three ages and
stained for smooth muscle actin as a measure of smooth muscle cell abundance on choroid

arteries during and after the cell death phase.

Methods. Choroid layers were dissected from embryonic chick eye, fixed, and stained for

smooth muscle alpha-actin as outlined in Chapter 1. The choroid layer is much smaller,
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thinner, and more fragile at the younger ages of development. At ages younger than E9 it
is difficult to isolate a large portion of the layer intact. Choroid layers were left attached to
the sclera during staining to help prevent folding of the tissue. Smooth muscle actin

staining was detected using a double-peroxidase-antiperoxidase stainin g protocol.

Results and conclusions. At E10, SMSA-IR was just detectable (Fig. 3). At high
magnifications it could be seen on long, spindle-shaped cells dispersed sparsely around
blood vessels. The presence of so few smooth muscle cells was surprising considering
the CG is nearly one third the way through cell death. At E12, SMSA-IR is much more
pronounced. The staining pattern parallels that of chick CNTF closely, with the exception
that smooth muscle actin immunoreactivity is much more intense than chCNTF
immunoreactivity. As far as could be determined, every artery seemed to contain smooth
muscle cells and at higher magnification each artery appeared to have the majority of its
walls covered by smooth muscle. By E17, the staining was very intense and blood
vessels were very clearly outlined. In mature arteries, more than one layer of smooth
muscle cells can surround an artery and at E17, some blood vessels appeared to have
staining in cells more than one layer thick. The fact that levels of smooth muscle actin
expression parallel the staining and the relative number of trophic units of chCNTF may
partially explain why chCNTF levels increase so dramatically after the cell death phase
(Chapter 1, Fig. 8 and 9). Since only a single marker was used to localize smooth muscle
cells, it is not possible to discern how much of the increase in smooth muscle actin
expression was due to an increase in the number or size of smooth muscle cells versus the
amount of actin expressed by each cell, except at the level of comparing the morphology of
the arteries at each age and the relative staining intensity. Nevertheless, the amount of
smooth muscle obviously expands greatly during and after the cell death phase is taking

place.
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Figure 3. Developmental expression of smooth muscle actin in the choroid layer of
chick eye. Choroid layers were dissected from different age eyes, the pigmented epithe-
lium removed, fixed, and stained for smooth muscle actin usuing a specific monoclonal
antibody. Smooth muscle actin expression is weak, but detectable at E10 (4 and D),
increases significantly by E12 (B and E), then dramatically by E17 (C and F). calibra-
tion bars = 20pum for A-C, 8 um for D-F.
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Chapter 2

Elevation of chick ciliary neurotrophic factor levels
in vivo enhances CG neuronal survival.

Thomas P. Finn and Rae Nishi
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Abstract

Chicken ciliary ganglion (CG) neurons undergo target-dependent cell death during
embryonic development. We have hypothesized that the number of CG neurons surviving
cell death is controlled by regulating the availability of a target-derived molecule, chicken
ciliary neurotrophic factor (¢chCNTF), also known as growth promoting activity (GPA). In
order to test this hypothesis we have overexpressed chCNTF in embryos using a
replication competent retroviral vector, RCASBP(A). Using an in vitro survival assay on
CG neurons we confirmed that an average 2.8-fold increase in CNTF-like biological
activity was observed in eyes from embryos infected with RCAS(BP)A-chCNTF. Staining
for viral gag protein and chCNTF expression revealed that the virus had spread extensively
and evenly throughout the eye, and that chCNTF immunoreactivity was significantly higher
in RCASBP(A)-chCNTF infected embryos than in uninfected embryos or embryos infected
with viral vector alone. No gross morphological changes in the size or shape of the eye
were observed and the iris and choroid layer, which are the targets of CG neurons, were
normal. RCASBP(A)-chCNTF embryos has an average of 23% more neurons than control
embryos at embryonic day 14, and in some individual cases as many as 72% of the
neurons were rescued from cell death. Counts of CG neurons prior to cell death (E8) in
control and CNTF overexpressing embryos showed no difference in neuronal number,
indicating that CNTF did not alter the number of neurons generated by proliferation and
differentiation of neuronal precursors. Taken together with previous studies showing
expression of chicken CNTF (GPA) at the correct time and location in CG targets, these

results support the role of chCNTF as a target-derived neurotrophic factor.
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Introduction

A popular model for how neuronal cell death is regulated in the developing nervous
system is that neurons compete for limiting amounts of neurotrophic factors produced by
the targets they innervate. Neurons become dependent upon their targets for survival
shortly after they have innervated them. A number of neurotrophic factors have either
been purified from or found expressed in particular targets. Understanding how the
limited availability of these factors regulates neuronal cell death in vivo is an area of
intense research.

The avian ciliary ganglion is an attractive system for the study of target-supplied
neurotrophic factors because it is a relatively simple system. Neurons of the avian ciliary
ganglion (CG), like most neuronal populations, undergo a specific period of cell death
during development. Since the ganglion only contains two populations of neurons, each
of which innervates specific, well-defined targets in the eye35, the CG is very amenable to
the study of neuron-target interactions. In particular, this system is well suited for
examining trophic dependency and how true target-derived neurotrophic factors function
and are regulated. Choroid neurons innervate smooth muscle cells surrounding arteries
within the choroid layer and CG neurons innervate the sphincter and ciliary muscle of the
iris and ciliary body, respectively. Choroid and ciliary neurons become dependent upon
their target beginning at about E837, and the number of neurons are reduced from
approximately 6500 neurons to 3200 by E14. Removal of the eye at a time before CG cell
death begins ultimately results in the death of the majority of CG neurons38 while addition
of extra target tissue enhances cell survivalll. CG neurons become post-mitotic after E637
and, therefore, the level remaining at E14 is a reflection of those neurons which have
successfully competed for target-supplied factors.

The identity of the CG target-derived factor(s) still remains to be established.

Candidate molecules include acidic and basic fibroblast growth factor (aFGF, bFGF)33,
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glial-derived neurotrophic factor (GDNF)!19, and chick CNTF, also known as GPAS3. 54.
The bulk of evidence supports chick CNTF (chCNTF) as the most likely candidate for this
role. ChCNTF message and protein are present in the target tissue at the time the neurons
are dependent upon their targets for survival 54 120, and high affinity receptors for
chCNTF are present in the ganglion?5. 96, ChCNTF is a potent neurotrophic factor in
vitro with an EDy; of about 10-30 pg/ml and can support nearly 100% of the neurons in
culture 33. While rat, rabbit, mouse, and human CNTF are generally considered to be non-
secreted or very poorly secreted>!- 52, chCNTF can readily be detected in choroid smooth
muscle conditioned medium or in cell lines transfected with chCNTF54. The secretion of
chCNTF appears to be due to the presence of an internal signal sequence between amino
acid residues 40 and 60121, Together, this is strong circumstantial evidence for an
involvement of chCNTF in the regulation of CG cell death. Definitive evidence, however,
will require altering chCNTF levels in vivo and assessing the effect it has upon CG
neuronal cell number.

An important criterion for demonstrating that a neurotrophic factor is limiting in
vivo, and therefore responsible for inducing cell death, is to determine whether making
more factor available rescues neurons from cell death. The most direct means of elevating
the levels of a neurotrophic factor in vivo would be to inject pure factor directly into the
embryo during cell death. However, if injection fails to rescue neurons, then it is not clear
whether sufficient quantities of active factor were made available to the developing
neurons. An alternate means of delivering a more consistent supply of factor directly to
neuronal terminals would be to express the cDNA encoding the factor in neuronal target
tissues. A vector well suited for such a study is the retroviral vector, RCASBP(A).

RCASBP(A) is a replication competent retroviral vector derived from Rous sarcoma
which has had the src gene deleted. The trans gene of interest is inserted in place of src and
the genome encodes functional gag, pol, and env genes. As the virus spreads, the

transgene is inserted into the genome of infected cells and expressed using the viral LTR,
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and widespread expression of the transgene is rapidly achieved. In the present study, we
inserted the coding region of chCNTF into RCASBP(A) and harvested infective viral
particles after transfecting chicken fibroblasts in vitro. Chicken embryos were infected at
early stages of development with viruses containing chCNTF or viral vector alone. Ciliary
ganglia were harvested after cell death and the impact of chCNTF overexpression on

neuronal survival was analyzed.
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Materials and Methods

ChCNTF bioassays. Short term (2-5 days) CG neuronal survival assays were performed
according to33, using E8 (Stage 34) ciliary ganglia, except that ganglia were plated at a
density of 0.75 ganglia per well in 48-well plates. Neuronal survival was determined by
counting the number of large, phase-bright cells with processes greater than 3 cell
diameters in 4 day cultures. Sixteen fields of view were counted per well and all samples

were tested in duplicate or triplicate.

Preparation of extracts. Fibroblast or choroid smooth muscles cultures were collected
from two 100-mm plates, pelleted by centrifugation, then resuspended in a small volume
of 10 mM NaMOPS, 1 mM EDTA pH 7.4 with a cocktail of protease inhibitors. Extracts
were prepared by sonication for 30 seconds on ice with a probe type sonicator and the
lysate centrifuged at 30,000 x g for 20 minutes at 4°C. Eye extracts were prepared by a
similar protocol except samples were adjusted to 0.5 ml buffer for each eye used and
homogenation with a Tekmar tissue homogenizer for 45 seconds on ice prior to
sonication. All lysate supernatants were concentrated by ultrafiltration 10-fold to remove
molecules less than 10 kDa and incubated with heparin-agaorse for one hour at 4°C.
Conditioned medium from infected fibroblast and choroid smooth muscle cultures was
concentrated 10-fold by ultracentrifugation before use. All samples were adjusted for

equal protein concentration and 0.2 um filter sterilized before addition to the cultures.

Shell-less chicken cultures. Plastic tripods were constructed as described by Dunn,
1981122, Briefly, 3 inch plastic PVC pipe was cut into the shape of a tripod. A well was
made in the tripod using plastic wrap and held in place by a plastic ring made from 3 inch
PVC pipe and the whole assembly was UV sterilized for 2 hours and covered with a sterile

100-mm petri dish bottom. E2-E3.5 chick embryos were placed into sterile tripods and
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incubated at 38.5°C under high humidity conditions. No antibiotics or calcium were

added to the cultures.

Preparation of windowed eggs. Eggs to be windowed were set on their side 12 hours
prior to opening and the position of the embryo marked by candling. A small window
was cut out of the top of the shell of E3-E4 eggs with the aid of a small hack saw blade
and the opening sealed with Blendoderm surgical tape (3M corporation), and incubated for

the duration of the experiment on its side at 38.5°C.

RCASBP(A) gene constructs and virus production. The coding region of GPA was
subcloned into the SLAX shuttle vector (kindly provided by C. Cepko and Stephan
Hughes) and then subcloned into the RCASBP(A) vector. Both constructs were verified
by sequencing. Viral stocks were generated by transfecting fibroblast cultures prepared
from pathogen-free eggs (Hyvac corp., Adel, IA) with 1 pg RCAS linearized plasmid.
Fibroblast cultures were maintained in L-15 supplemented with 10% (v/v) heat-inactivated
horse serum (Gibco-BRL) with 33 mM glucose, 50 U/ml penicillin and 50 mg/ml
streptomycin. Viral stocks were concentrated by ultracentrifugation at 100,000x g at 4°C
for 3 hours. Concentrated stocks were titered by limiting dilution and infectivity of cells
measured by staining for p27 gag protein. Only those stocks with titers greater than 10°
were used in this study and were adjusted to equal number of infectious particles per

microliter and stored at -80°C.

Viral infection. Two to four pl of concentrated viral stock was injected directly at multiple
sites into the region of the eye of E2.5-3.5 embryos using narrow glass tubing pulled to a
fine point. In some instances, a dilute solution of fast green dye was used to assess the
efficiency of injection. Concentrated viral stocks were thawed immediately before

injecting. DNA injections of purified plasmid DNA was adjusted to 233 ng/ml in
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polyethyleimine (PEI) and filter sterilized. For infection of cultured cells, 1 ul of
concentrated viral stock (1-7x10° infectious particles per ml) was added to each 35-mm or

100-mm plate two days after the original plating of cells.

Counting methods. Ciliary ganglia were isolated from E14 embryos and fixed in 4%
paraformaldehyde for at least 72 hours, pre-stained in small amounts of thionin,
dehydrated in an ethanol/xylene series and embedded in paraffin. Eight micron sections
were cut and floated onto gelatin coated slides. Sections were cleared of paraffin,
rehydrated, and subsequently stained with 0.25% thionin, dehydrated and coverslipped.
Neuronal profiles were counted by determining the number of neurons with distinct nuclei
in every fifth section at 600X in the case of E8 and E11 ganglia and at 400X in every tenth
section for E14.  Mean cell diameters were calculated by acquiring images with a digital
camera and traced within NIH-Image software. The total number of neurons present in
the ganglia was calculated by dividing the sum of profiles counted by the number of
sections counted, then multiplied by the total number of sections in each ganglion. No
correction factor for double counting was made as the total distance between sections was

always larger than the largest profile diameter.
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Results

Overexpression of chCNTF in chick embryos rescues CG neurons from cell death.
Fibroblasts transfected with the either the RCASBP(A)-chCNTF or RCASBP(A)-AP
constructs showed prominent staining for p27 gag protein, with virtually all cells showing
strong infection (Fig. 1, Panel A). RCAS-AP infected fibroblast cultures showed not only
strong infection, but very high alkaline phosphatase activity as well. Cultured smooth
muscle choroid cells dissociated from choroid target tissues and subsequently infected
with the RCAS-chCNTF virus also showed strong p27 staining and prominent chCNTEF-
like immunofluorescence (Panel C). By comparison, endogenous chCNTF was
undetectable by immunofluorescence (Panel D) and uninfected or cultures infected with
vector alone showed no immunoreactivity. Infected choroid cultures had identical
morphology, became confluent at the same point, and were as viable as uninfected
cultures. Therefore, despite the massive infection with the virus and the high levels of
expression of chCNTF, choroid smooth muscle cells were not adversely affected.

CG neuronal survival assays confirmed that much higher levels of chCNTF-like
activity were being expressed in transfected fibroblasts in cell culture, with typically 82-
fold more biological activity present in either the conditioned medium or from cell extracts
(Table 1). The level of biological activity varied considerably between experiments, but
always showed substantial elevations in trophic activity. Greater than 80% of this
biological activity could be immunodepleted with anti-chCNTF antibodies, verifying the
majority of activity being measured was due to chCNTF and not other proteins or
molecules with CNTF-like survival activity. The chCNTF-like biological activity was also
surprisingly stable. Samples kept at 4°C for two weeks still possessed 50% of the
biological activity of fresh extracts. Western blots of extracts from RCAS-chCNTF

infected choroid cultures confirmed the full size protein was being made.

62



C

Figure 1. Infection of chick embryo fibroblasts and choroid smooth muscle cells with
RCASBP(A)-chCNTF. RCASBP(A) was able to efficiently infect cells from emrbyos of
a RF7-2 flock of white leghorn chickens, confirming these embryos are very susceptible
to infection. Panel 4, Within 2 days of infection with a concentrated viral stock, nearly
every fibroblast stained positive for the viral envelope protein p27 gag, whereas no
immunoreactiivty was seen in uninfected control cultures (B). Panel C, Cultured smooth
muscle choroid cells were also efficiently infected as demonstrated by immunofluo-
rescene to p27. Panel D shows an uninfected culture. Note: choroid cultures were infect-
ed at a lower cell density than in the case of fibroblasts.
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Table 1. Overexpression of chCNTF enhances CG survival.

Sample Bioassay Survival
neuronal (trophic units)

choroid cultures® eyes” ganglia®
Uninfected nd nd 3256 £ 851 (n=11)
RCASBP(A)-vector 112 £ 61 455 £ 135 3400 + 1201 (n=17)
RCASBP(A)-chCNTF 9136 + 1086 1280 £54 5025 + 1472 (n=29)*

*Average of 2 experiments, numbers represent the mean, standard deviations follow.
PAverage of 2 experiments

‘Number in parenthesis indicates sample size

* P <0.0001

nd= not done
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To facilitate injecting embryos, shell-less chick embryo cultures were prepared 122,
Embryos cultured in this way were healthy and viable and could be maintained through
E20, though the viability diminished rapidly after E14. Cell death in the avian ciliary
ganglion is largely completed by E1437. Embryos placed into tripods at E3, for example,
were viable enough to receive injections of concentrated viral stock at one or more sites
around the head/eye region by E3.75. To be certain that the development of the embryos
was not slowed down nor the development of the targets affected, we compared embryos
grown as shell-less cultures and infected with RCASBP(A) with uninfected embryos
incubated in the intact egg (Fig. 2). No difference could be seen between the two embryos
and the eyes appeared completely normal. Analysis of an E14 embryo infected with
RCAS-chCNTF at E4 and found to have 20-fold more biological activity in an eye extract
from the uninjected side, showed widespread p27 immunoreactivity throughout both the
ciliary muscle and choroid layer of the eye from the infected side (Fig. 3, Panels A and =),
Infectivity varied from region to region, but was surprisingly uniform throughout the
target tissues examined. ChCNTF-like immunoreactivity was detectable in a similar
pattern, although the immunoreactivity levels were lower compared to p27 staining (Panel
B and F). Virtually every cell that was immunopositive for p27 also showed
immunoreactivity for chCNTF. ChCNTF immunoreactivity was substantially higher than
endogenous levels<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>